Uromodulin is expressed exclusively in the thick ascending limb and is the most abundant protein excreted in normal urine. Variants in UMOD, which encodes uromodulin, are associated with renal function, and urinary uromodulin levels may be a biomarker for kidney disease. However, the genetic factors regulating uromodulin excretion are unknown. We conducted a meta-analysis of urinary uromodulin levels to identify associated common genetic variants in the general population. We included 10,884 individuals of European descent from three genetic isolates and three urban cohorts. Each study measured uromodulin indexed to creatinine and conducted linear regression analysis of approximately 2.5 million single nucleotide polymorphisms using an additive model. We also tested whether variants in genes expressed in the thick ascending limb associate with uromodulin levels. rs12917707, located near UMOD and previously associated with renal function and CKD, had the strongest association with urinary uromodulin levels (P,0.001). In all cohorts, carriers of a G allele of this variant had higher uromodulin levels than noncarriers did (geometric means 10.24, 14.05, and 17.67 mg/g creatinine for zero, one, or two copies of the G allele). rs12446492 in the adjacent gene PDILT (protein disulfide isomerase-like, testis expressed) also reached genome-wide significance (P,0.001). Regarding genes expressed in the thick ascending limb, variants in KCNJ1, SORL1, and CAB39 associated with urinary uromodulin levels. These data indicate that common variants in the UMOD promoter region may influence urinary uromodulin levels. They also provide insights into uromodulin biology and the association of UMOD variants with renal function.
CKD is a major public health problem affecting 5%-10% of adults worldwide, 1, 2 and is associated with increased risks of cardiovascular morbidity and mortality. 3, 4 Although hypertension and diabetes are established risk factors for developing CKD, 5, 6 they do not fully identify individuals at risk for this condition. 7 Therefore, further exploration of novel biomarkers for early detection and development of CKD beyond the current measures of kidney function and damage is necessary. 8 Uromodulin (Tamm-Horsfall protein), the most abundant protein excreted in the urine, is increasingly considered as a potential biomarker for CKD. [9] [10] [11] Uromodulin is exclusively produced in the epithelial cells lining the thick ascending limb (TAL) of the loop of Henle, where it is sorted to the apical plasma membrane and released into the tubular lumen by proteolytic cleavage. Uromodulin is an abundant transcript in the TAL cells, and its rate of secretion in the urine ranges from 20 to 100 mg/d in physiologic conditions. 12 Recent genomewide association studies (GWAS) [13] [14] [15] and sequencing efforts 16 have identified common single-nucleotide polymorphism (SNP) variants in the UMOD gene in association with the eGFR and the risk of developing CKD. 14 On the other hand, mutations in UMOD cause dominantly inherited forms of tubulointerstitial kidney disease collectively referred to as uromodulin-associated kidney disease (UAKD). 17 These disorders include defective urinary concentrating ability, hyperuricemia, gout, and progression to ESRD between the second and fourth decades of life. Analyses of renal biopsies and in a transgenic mouse model of UAKD revealed that UAKD is coupled to a significant reduction of uromodulin excretion in the urine. Studies in UMOD knockout mice showed that uromodulin may play a role in the transport processes operating in the TAL 18, 19 and protects against urinary tract infection 20 and formation of kidney stones. 21 Despite these data, obtained essentially in mouse or cellular models, the biologic function of uromodulin is still undefined and the genetic contribution to common variation in uromodulin production and release remains to be determined. Thus, this study aimed to investigate the genetic association of urinary uromodulin levels in the general population. We performed a meta-analysis of GWAS for urinary uromodulin concentration in six studies including three urban cohorts and three genetic isolates amounting to 10,884 participants of European ancestry. We also used a candidate gene approach to seek whether urinary uromodulin concentrations are associated with variants in genes regulating transport processes in the TAL. Table 1 shows study sample characteristics for 10,884 participants from all six cohorts (Cohort Lausannoise [CoLaus] , Croatia-Korcula, Croatia-Split, Framingham Heart Study, Network Italiano Isolati Genetici (INGI)-Carlantino, and INGI-Val Borbera) with urinary uromodulin levels. Detailed information on samples, assays, genotyping, and imputation platforms are included in Supplemental Tables 1 and 2 .
RESULTS
Heritability measures performed in the Framingham Heart Study showed that uromodulin levels are heritable at 17% (P=0.003), whereas the Croatia-Korcula study showed heritability of 28%.
Variants Identified through Meta-Analysis of GWAS Figure 1 displays P values from the meta-analysis of GWAS of urinary uromodulin indexed to urinary creatinine on a 2log10 scale versus their genomic position. A genome-wide significant signal (P,1E-72) was present on chromosome 16 in and near the UMOD gene, followed by two loci, which did not reach genome-wide significance. In addition, an excess of low P values was present in the quantile-quantile plot of the -log10 observed versus expected P values (Figure 2 ), which was still present after removing a 1 Mb-long region around the UMOD gene on chromosome 16 (Figure 2 , inset). The regional association plot of UMOD (Figure 3) shows that the urinary uromodulin association signal spreads over several linkage disequilibrium (LD) blocks. Table 2 presents results from the inverse-variance metaanalysis for urinary uromodulin indexed to urinary creatinine. The variant with the lowest P value (7.85E-73) was rs12917707 located in the 59 promoter region of the UMOD gene. Each copy of the G allele was associated with high levels of uromodulin in our analyses (P=6.6E-71) and lower levels of eGFR in CKDGen Consortium participants (P=1. 2E-20) . This SNP was previously reported in association with eGFR and CKD. 13 A second variant (rs12446492, within the PDILT gene located near the UMOD gene) showed similar associations with uromodulin (P=6.6E-26) and eGFR (P=6.9E-07). This variant has low R 2 but high D9 values (R 2 =0.17, D9=0.83) with the lead GWAS SNP, rs12917707. The next two independent variants identified through meta-analysis (rs4533720 on chromosome 4 near the MARCH1 gene and rs6988636 on chromosome 8 near the FAM83A gene) did not reach genome-wide significance (P=2.41E-07 and P=7.97E-07, respectively) and were not associated with eGFR in 67,093 individuals in the CKDGen Consortium (P=0.47 and P=0.58, respectively). 15, 22 A sensitivity meta-analysis of raw unindexed uromodulin (results in Supplemental Table 3 ) yielded similar values to the ones indexed to creatinine. The association of eGFR with the four variants restricted to the six cohorts included in this study is not significant.
In the CoLaus cohort (N=5077), stratified analyses for the association of urinary uromodulin indexed to urinary creatinine with rs127917707 by hypertension status (-0.284960 Association of rs12917707 Genotypes with Uromodulin Levels Table 3 presents the association of rs12917707 genotypes with urinary uromodulin levels. The G allele of rs12917707 was consistently associated with higher urinary uromodulin levels in an additive manner. The 2-fold increase in participants harboring the GG genotype was observed in each of the six cohorts investigated, with a meta P value of 2.41E-58. Table 4 shows the results from a joint analysis conditioned on the rs12917707 SNP. This analysis revealed another nearby variant in the PDILT gene, rs4494548, in low LD with the conditioned SNP (R 2 =0.02, D9=0.16), which is associated with uromodulin (meta-analysis, P=3.9E-15; joint conditional analysis, P=2.3E-08). This variant was not significantly associated with eGFR in CKDGen Consortium participants (P=4.3E-04, N=67,093). 13, 22 Variance analysis using genotype data from the CoLaus study showed that the lead GWAS hit rs12917707 explains 1.2% of the variance of urinary uromodulin levels, with an additional 0.8% variance explained by the second SNP, rs4494548. These results suggest that at least two independent signals for urinary uromodulin exist at the UMOD locus.
Joint Analyses

Gene-Based Association Analyses
Results from the Versatile Gene-based Association Study (VEGAS) analysis are included in Supplemental Table 4 . This gene-based association analysis identified the region of chromosome 16 containing UMOD, PDILT, GP2, and ACSM5 as being the only region with a statistically significant result (P,2.8310
26
) and identified the top SNP from the metaanalysis (rs12917707, P=7.9E-73) as the main contributor to the finding. No other genes were identified.
Candidate Gene Analyses Results
Uromodulin is exclusively synthesized in the epithelial cells lining the TAL (Figure 4 ). These cells reabsorb approximately 5% of the filtered NaCl and generate a lumen-positive transepithelial voltage. Previous studies suggested that urinary uromodulin concentration reflects the transport activity of the TAL. 9, 12 The potential association of 24 candidate genes expressed in the TAL and involved in TAL transport processes revealed that SNPs in KCNJ1(ROMK), CAB39, and SORL1 genes were associated (P value lower than the gene-specific threshold) with the level of uromodulin indexed to urinary creatinine (Table 5 ). Of the other 21 investigated candidate genes, 5 genes were only nominally associated with uromodulin and the rest did not show any association. We calculated the effective number of independent tests of the 1739 SNPs examined in the 24 candidate genes to be 129. When accounting for all candidate SNPs tested, declaring the four most significant SNPs (rs2855800, rs2438298, rs1532763, rs4239217) as true associations would result in a false discovery rate below 75% (Table 5 ). SNP rs28555800 in KCNJ1 was also associated with eGFR (P=0.02; N=67,093) in previously published CKDGen meta-analysis results. n=3 independent experiments performed on tubular fractions pooled from two kidneys), where they are known to be involved in the regulation of NaCl transport activity ( Figure 4 ).
DISCUSSION
Our study provides the first meta-analysis of uromodulin levels in urine, including six population-based cohorts amounting to .10,000 individuals of European descent. Our analyses document a robust locus with two independent signals around the UMOD gene (rs12917707 and rs4494548), with rs12917707 included in a LD block encompassing the UMOD promoter. We show that the G allele of the rs12917707 variant, associated with higher risk of CKD in previous studies and with lower eGFR in this study, is associated with up to 2-fold higher levels of uromodulin in urine. This finding is consistent across all cohorts, in both genetic isolates and nonisolated populations. rs4494548 is also associated with urinary uromodulin levels, even upon adjustment by rs12917707. rs4494548 is an intronic SNP of the PDILT gene, which is known to be transiently expressed during urinary tract development and is associated with male infertility. 23 Finally, we used a candidate gene approach to show that SNPs in three genes (ROMK, CAB39, and SORL1) known to mediate or regulate transport processes in TAL cells are associated with urinary uromodulin levels. Taken together, our findings suggest that common SNP variants identified through GWAS and conditional analysis may account for variation in urinary uromodulin and eGFR. Previous GWAS have shown that promoter variants in the UMOD gene in high LD with our top rs12917707 SNP are associated with eGFR and CKD. A first GWAS with nearly 20,000 individuals from population-based studies in the Cohorts for Heart and Aging Research in Genomic Epidemiology consortium identified rs12917707, whereby each copy of the minor allele T was associated with higher levels of eGFR and a lower risk of CKD. 24 On the basis of these findings, investigators then measured urinary uromodulin in several nested case-control studies. Among 200 individuals in the Framingham Heart Study, the C allele at rs4293393 (in perfect LD with rs12917707, R 2 =1) was associated with lower urinary uromodulin levels, and these levels predicted higher eGFR at 10 years. 15 In light of these intriguing case-control studies, we sought to measure urinary uromodulin in much larger sample sizes, and to apply genomewide association to uncover loci in association with urinary uromodulin levels. Our study advances knowledge in this area in several important ways. First, we evaluated the association between genetic variants and urinary uromodulin at a genome-wide level, evidencing two robust independent signals around the UMOD gene. We confirm the strong and consistent association of the promoter variant with an up to 2-fold increase in urinary excretion of uromodulin. That association is detected in each cohort analyzed, either from urban or genetic isolate origin, and (in CoLaus) is not altered by adjustment for hypertension nor upon stratification for hypertension status and for age. Of note, large differences in the median value of urinary uromodulin have been observed across cohorts even when using the same sensitive assay, and they are not related to storage conditions. We do not think that this variation influenced our meta-analysis results, because we first performed study-specific analyses that served to internally calibrate the data. Large variations in the daily physiologic excretion of uromodulin have been reported, probably reflecting the complex secretory pathway of the protein and its potential interactions with multiple urinary components. 9 Second, we used a joint conditional analysis to extract other independent signals at the same locus that account for a higher variation of the observed signal. Third, we leveraged our existing urinary uromodulin GWAS data set to interrogate genomic regions suggested through gene expression and functional studies in order to better understand the link between uromodulin and ion transport in the TAL segment.
The potential mechanisms of the association of SNPs (including the top rs12917707) in the promoter of UMOD include potential cis-acting effects that could modulate the transcription of uromodulin by the TAL cells, and thus its excretion in the urine. The dose-dependent effect, which is consistently observed in all cohorts, supports the latter Figure 3 . Regional association plot of UMOD gene for the analysis indexed to urinary creatinine. The lead GWAS hit (rs12917707) and GCTA hit (rs4494548) are highlighted. The plot is modified from LocusZoom 49 and Haploview. 50 The small figure shows the R 2 between the two SNPs highlighted in red. LD information is based on HapMap CEU.
hypothesis, in line with the recent results of Trudu et al. showing an effect of UMOD promoter variants on gene expression. 25 The fact that age does not modify the association of urinary uromodulin with rs12917707 may suggest that elevated urinary uromodulin could lead to progressive renal damage. Indeed, evidence obtained in a transgenic mouse model suggest that such deleterious effects of uromodulin would take a long time and it could reflect multiple hits. 25 Alternatively, increased urinary uromodulin levels may be secondary to renal damage caused by mechanisms unrelated to uromodulin. This second hypothesis would be in line with a protective effect of urinary uromodulin. 9 The mechanism of the SNPs in PDILT is not predictable, although it is unlikely that the association is driven by LD with the UMOD promoter variants.
Our candidate gene analysis revealed that variants in KCNJ1/ROMK, SORL1, and CAB39 are associated with the level of uromodulin in urine. In TAL cells, uromodulin is trafficked to the apical plasma membrane and released into the tubule lumen via proteolytic cleavage. This cleavage is necessary for the polymerization of uromodulin in the urine. 9, 26 The cells lining the TAL reabsorb approximately 25% of the filtered NaCl, a process that involves the apical, bumetanidesensitive Na + /K + /2Cl 2 cotransporter NKCC2, organized in parallel with the renal outer medullary K + (ROMK) channel, which is essential to recycle K + . Na + and Cl 2 are transported across the basolateral membrane via the Na + /K + -ATPase and the Cl 2 channel ClC-Kb, respectively. These transport processes are highly regulated: the Ste20-and SPS1-related proline and alanine-rich kinase (SPAK) and oxidative stress-responsive kinase (OSR1) activate NKCC2 by N-terminal phosphorylation. 27 In turn, SPAK and OSR1 require regulatory cofactors, such as sorting protein-related receptor with A-type repeats 1 (SORL1) and calcium-binding protein 39 (CAB39). CAB39 is a scaffolding protein that interacts with SPAK and OSR1, increasing kinase activation. 28 SORL1 was previously shown to mediate SPAK membrane sorting, allowing the phosphorylation of NKCC2 by SPAK. 29 The fact that uromodulin expression is limited to the TAL segment in mice and humans [30] [31] [32] and the enrichment of ROMK, SORL1, and CAB39 in that very segment emphasize the potential link between transport processes and uromodulin secretion in the cells lining the TAL. Furthermore, a functional link between ROMK and uromodulin has already been documented in vitro and in mouse models. 18 Future studies will address the biologic mechanisms that underlie these genetic and functional associations. Our study combines the advantages of the first and large GWAS on urinary uromodulin, performed using a robust assay on various types of well documented cohorts, with an interrogation of candidate genes operating in the very tubular segment that is releasing uromodulin in the urine. Limitations of this study include the availability of data only for individuals of European descent, restricting the generalizability of our findings. The lack of external replication is balanced by the genome-wide significance of the association of rs12917707 in the CoLaus cohort, with replication of this main hit in five independent cohorts. Conversely, the subgenome-wide findings around the FAM83A and MACH1 genes should be interpreted with caution given the absence of replication. In addition, we used common genetic variants (minor allele frequency .5%) and it is possible that there may be other low frequency variants that could additionally explain this association. Future GWAS conducted in larger cohorts and using variants derived from exome sequencing could reveal other genetic associations with urinary uromodulin concentrations.
In conclusion, a meta-analysis of urinary uromodulin concentrations revealed the association of common variants in the promoter region of the UMOD gene, together with a second independent signal located within the flanking gene PDILT. Each copy of the G allele at rs12917707 (risk allele for CKD) was associated with higher urinary uromodulin concentrations. Variants in the KCNJ1, CAB39, and SORL1 genes regulating transport processes in the TAL cells producing uromodulin were also associated with its urinary concentration. These results advance our understanding of the biology of uromodulin and substantiate the association of UMOD variants with renal function.
CONCISE METHODS
Urinary uromodulin and creatinine levels were measured in 10,884 individuals of European descent from six cohorts in both urban and isolate communities (CoLaus, Croatia-Korcula, Croatia-Split, Framingham Heart Study, INGI-Carlantino, and INGI-Val Borbera). All studies performed genome-wide associations for both urinary uromodulin indexed to urinary creatinine and raw urinary uromodulin only, which were then meta-analyzed. Participants provided written informed consent. 
Transcription factor
The table is sorted after lowest P value in the gene. Significance was defined as P value lower than a gene-specific threshold, calculated as 0.05 divided by the number of found LD blocks at R 2 =0.2 in that gene.
Chr, chromosome; FDR, false discovery rate; Cr, creatinine.
a Three loci with at least one SNP with a P value below the threshold in the gene. The FDR values ,0.75 are provided as an alternative threshold (see the Concise Methods).
Study Samples
The CoLaus study is a population-based study including .6000 people aged 35-75 years from the city of Lausanne, Switzerland, as previously described. 33 All participants were of European descent, defined as having both parents and grandparents born in a restricted list of countries. A baseline examination, including collection of morning spot urine, a fasting venous blood sample, as well as a detailed health questionnaire, was conducted by trained health care workers between 2003 and 2006. The study was approved by the ethical committee of Lausanne University Hospital. The Croatia-Korcula study is a family-based, cross-sectional study in the isolated island of Korcula, Croatia, that included 965 examinees aged 18-95 years. Urine samples were collected in 2007, along with clinical and biochemical measures and lifestyle and health questionnaires.
The Croatia-Split study is a population-based, cross-sectional study in the Dalmatian City of Split, Croatia, that included 1012 examinees aged 18-95 years. Urine samples were collected in 2009.
The Framingham Heart Study is a community-based multigeneration family study, with three generations (1971, original cohort; 1984, offspring cohort; 2002, third generation). The design of this study was previously described. 34 The sample used here is a subset of 2640 participants from the offspring cohort at examination 6 (1995-1998) , with urinary uromodulin and eGFR levels measured. Participants self-reported their European descent ancestry.
The INGI-Carlantino study is a population-based, cross-sectional study in a village situated in the southeastern part of the Apennines in a hilly area of the Puglia region. We used a subset of 360 individuals (from a total sample size of 1478) who had genotyping information and urine samples available.
The INGI-Val Borbera project was initiated in 2005, involving inhabitants of the geographically isolated Borbera Valley of Northwest Italy, in Piedmont. Information on a large set of phenotypes and biologic samples was obtained from 1803 inhabitants aged between 18 and 102 years.
Uromodulin and Creatinine Measurements
All spot urine samples were aliquoted immediately after collection and were frozen and stored at 280°C before analysis. In the Framingham Heart Study, the Rules-Based Medicine array (Rules-Based Medicine, Inc., Austin, TX) measured urinary uromodulin via immunoassay with a bead Luminex platform. This assay has coefficient of variations of 5.0% at a mean concentration of 37 mg/ml and 11.4% at a mean concentration of 9.4 mg/ml. The assay range is between 6.2 and 135 ng/ml. All other studies measured urinary uromodulin concentration by a well established ELISA 35 based on a sheep anti-human uromodulin antibody (K90071C; Meridian Life Science, Memphis, TN) as the capture antibody, a mouse monoclonal anti-human Tamm-Horsfall protein antibody (CL 1032A; Cedarlane Laboratories, Burlington, NC) as the primary antibody, and a goat anti-mouse IgG (H+L) horseradish peroxidase-conjugated protein (172.1011; Bio-Rad Laboratories, Inc., Hercules, CA) as a secondary antibody. Human uromodulin (AG 733, stock solution: 100 mg/ml; EMD Millipore, Temecula, CA) was used to establish the standard curve. The ELISA for human uromodulin showed a sensitivity of 2.8 ng/ml and a linearity of 1.0. The interassay and intraassay variability were determined at 3.28% and 5.46%, respectively. The assay had a detection range between 3.9 and 500 ng/ml (Supplemental Table 1 ). Uromodulin was indexed to creatinine to compensate for variations in urine concentrations. Uromodulin levels below the detection threshold were set to the lower limit of the urinary uromodulin assay.
Genotyping Platforms and Imputation
Genotyping and imputation were conducted as described in Supplemental Table 2 . Genotyped SNPs that passed quality control procedures were then imputed to approximately 2.5 million HapMap CEU SNPs.
Heritability and Proportion of Variance Explained
Heritability of urinary uromodulin levels was assessed in the Framingham Heart Study using SOLAR software (version 1.4), 36 with age, sex, and age by sex as covariates, and in the Croatia-Korcula study using an estimate of heritability derived from analysis of the polygenic model in GenABEL software, 37 with age and sex as covariates. The proportion of urinary uromodulin variance explained by the reported SNPs was calculated on the basis of the meta-analysis results and the SD of uromodulin levels in the CoLaus cohort using GCTA software (version 1.04). 38 
Statistical Analyses
Each participating study performed a GWAS of approximately 2.5 million SNPs on both urinary uromodulin indexed to urinary creatinine and raw urinary uromodulin (unindexed) using linear regression and an additive genetic model, adjusting for age and sex and principal components where applicable. Data from the Framingham Heart Study, Croatia-Korcula, Croatia-Split,INGI-ValBorbera, and INGI-Carlantino cohorts were adjusted for family relatedness using the kinship matrices and for population stratification using the first three principal components. These adjustments account for all known and cryptic relationships within these cohorts. The results were then meta-analyzed with METAL software (version 2011-03-05) 39 using both sample size and inversevariance weighted fixed-effects models. The statistical significance threshold was set to 5E-8 for genome-wide significance. P values were corrected for genomic control both at the study level and after metaanalysis. The l value was around 1.0. SNPs with a minor allele frequency ,5% or not present in at least 50% of the studies were dropped from the meta-analysis results. For each locus, independent SNPs with the lowest P value and in low linkage disequilibrium (R 2 ,0.2) were reported.
Stratified Analyses for the Lead SNP
UMOD variants have been associated with hypertension, 40 and the association of renal function with UMOD variants was modified by age. 14 We therefore conducted stratified analyses for the lead SNP (rs12917707) by hypertension status (defined as being on antihypertensive treatment or having systolic/diastolic BP$140/90 mmHg) and by age group (below and above the median age of 53 years) in CoLaus, the largest cohort available in our study (n=5077), to explore a potential effect modification by hypertension or age. We compared effect sizes across strata using a two-sample test
. 41 We also conducted sensitivity analyses adding hypertension status as a covariate in the analysis.
Associations with Renal Function
We tested the association with kidney function in the six populationbased studies using eGFR, determined by the simplified Modification of Diet in Renal Disease study equation. We defined CKD as eGFR,60 ml/min per 1.73 m 2 . We also tested the association of SNPs most significantly associated with indexed urinary uromodulin with eGFR by querying these in publicly available meta-analysis results of 67,093 individuals of European ancestry from the CKDGen Consortium. 13
Gene-Based Association Analyses
The SNP association P values from the meta-analysis of urinary uromodulin were analyzed using VEGAS, 42 a program for performing gene-based tests for association using the summary statistics from genetic association studies. The gene-based approach reduces the multipletesting problem of GWAS by only considering statistical tests for 17,787 genes giving a Bonferroni-corrected threshold of P,2.8E-6.
Joint Analyses
To explore the presence of multiple independent signals at the UMOD locus, we ran a joint step-wise model selection (massoc-slct function) with GCTA 38 using the meta-analysis association results for the uromodulin to creatinine ratio. The CoLaus cohort was used as reference to estimate the LD between SNPs. The threshold of significance was set to the default parameters, 5E-8. The resulting estimates are equivalent to that of a multivariate linear model fitting. The LD expressed in R 2 between these SNPs, by definition ,1, is also indicated in the results file. To quantify the level of variance explained by the different significant SNPs, the adjusted R 2 was estimated in the CoLaus population using the LM function in R software. 43 
Candidate Gene Analyses
We compiled a list of 24 candidate genes for urinary uromodulin levels on the basis of expression profiles showing enrichment in the TAL, and functional data supporting a role in transport processes operating in the cells lining the TAL. [44] [45] [46] Each gene was queried in the metaanalysis results, by extracting all variants within that gene (including the promoter and the 59 region around it). For each gene, we accounted for region-specific multiple testing using a gene-specific threshold (0.05 divided by the number of found LD blocks at R 2 =0.2). SNPs with a median imputation quality ,60% and minor allele frequency ,5% were excluded before this analysis. Variants that had a P value lower than gene-specific thresholds were declared significant. To assess the overall significance of SNPs in the 24 candidate genes, we estimated the effective number of tests for the 1739 tested SNPs using the method by Gao et al. 47 The SNP-by-SNP pairwise correlation matrix was calculated based on the CoLaus data. We then adjusted the Benjamini-Hochberg step-down procedure to compute the false discovery rate for the best SNP in each gene. 48 
Microdissection and Isolation of Tubular Segments
Tubular segments and glomeruli from mouse kidney were microdissected using a previously described protocol. 32 The collagenasedigested segments were sieved and selected on the basis of morphology characteristics. Pooled segments (from two kidneys for each sample) were frozen in liquid nitrogen and kept at 280°C until RNA extraction.
SYBR Green Real-Time Quantitative PCR
The isolated fractions were characterized for their enrichment in mRNA expression of Nphs2 (podocin, glomerulus), Slc38a3 (SNAT3, proximal convoluted tubule), Slc5a2 (SGLT2, proximal straight tubule), Umod (uromodulin, TAL), Slc12a3 (NCC, distal convoluted tubule), and Aqp2 (AQP2, collecting ducts). Total RNA was extracted from isolated segments using the RNAqueous R kit (Applied Biosystems, Inc., Foster City, CA), subjected to DNase treatment, and reverse transcribed by using the iScript cDNA Synthesis Kit (Bio-Rad, Munich, Germany). Quantitative RT-PCR analyses were performed in duplo using 100 nM of both sense and anti-sense primers (Supplementary Table 5 ) using iQ SYBR Green Supermix (Bio-Rad) and an iCycler IQ System (Bio-Rad). All amplicons showed expected sizes and the dissociation curves showed one melting peak. Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) was used routinely as a reference gene, because preliminary experiments showed no differences with other reporter genes (Cyclophilin, Hprt1, Actb, 36b4 
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